Background: Currently, there are no data on the association between right ventricular (RV) structure and ECG changes specific for idiopathic pulmonary arterial hypertension (IPAH). Therefore, we aimed to assess the accuracy of the recommended ECG criteria for predicting RV hypertrophy (RVH) and dilation in patients with IPAH.
ustained pressure overload, secondary to chronic pulmonary hypertension, may lead to increase in right ventricular (RV) mass. As the disease progresses the RV dilates and eventually RV failure occurs. Increased RV volume but not mass has been recently shown to predict survival in patients with idiopathic pulmonary arterial hypertension (IPAH). 1 However, the role of the RV mass as a risk predictor have been established in another subset of PAH patients. 2 In those 2 studies cardiovascular magnetic resonance imaging (CMR) was used and this method is currently considered the gold standard 3,4 for the assessment of structure and function of the RV. However, the high cost, low availability, and potential contraindications to CMR justify the interest in more commonly used and simpler tests to assess the increased RV mass and volume.
Current guidelines from the American Heart Association, the American College of Cardiology Foundation and the Heart Rhythm Society (AHA/ACCF/HRS) list 24 criteria for electrocardiographic (ECG) diagnosis of RV hypertrophy (RVH). 5 They come from historical studies in inhomogeneous groups 6, 7 and currently there are no specific data on the association between RV structure and ECG changes in IPAH. Additionally, it is unknown to what extent the different criteria reflect the changes in RV mass and volume that can occur in IPAH. 5 In the current study we aimed to assess prospectively how the available ECG criteria for RVH correlate with RV mass and volume as assessed by CMR and also to establish the best cut-off values of the ECG criteria in diagnosis of RVH (defined as an increase in mass) and dilation in patients with IPAH.
Methods

Patients
The consecutive patients with IPAH who remained under our care between January 2009 and December 2010 were included in this study. Patients were selected if they had pulmonary hypertension confirmed in right heart catheterization; other
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etiologies of pulmonary hypertension were excluded based on the European Society of Cardiology guidelines 8 and there were no contraindications to perform CMR examination. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the institutional ethics committee. Informed consent was obtained from each patient before starting the study.
Electrocardiography
A 12-lead standard ECG (10 mm=1 mV, 50 mm/s) was acquired in a supine position during quiet respiration in the morning on the day of the CMR study and analyzed according to the current guidelines. For the purpose of the present study all 24 criteria for RVH recommended in AHA/ACCF/HRS guidelines 5 were assessed. Amplitude of P, R, and S waves and QRS duration were averaged from 3 consecutive cardiac cycles. The ECG interpreter was blinded to the results of the CMR study.
Cardiovascular Magnetic Resonance Imaging
Breath-hold, ECG-gated imaging was performed using cardiac-phased array coil on 1.5 T whole-body scanner (Magnetom Sonata Maestro Class, Siemens, Erlangen, Germany) in left and right ventricular short-axis and axial views. After scout imaging, cine imaging (steady-state free precision gradient echo technique; slice thickness 8 mm, no gap, matrix 256× 192, in-plane resolution 1.3×1.3 mm 2 ) was acquired.
Cine images were assessed off-line (MASS Medis, Leiden, the Netherlands) by independent, experienced observers blinded to other data. In the presence of discrepancy in qualitative assessment the consensus was reached.
Endocardial and epicardial borders were outlined on shortaxis images as previously described. 9, 10 If the basal slice contained both ventricular and atrial myocardium, contours were drawn up to their junction and joined by straight line through the blood pool. In the basal slice, if the pulmonary valve was visible, only the portion of volume surrounded by trabeculated myocardium below the pulmonary valve level was included. For the RV inflow portion, blood volume was excluded from the RV volume if the surrounding wall was thin and not trabeculated, as it was considered to be in the right atrium. Left and right ventricular end-diastolic volumes (EDV), end-systolic volumes, myocardial mass and ejection fractions (EF) were computed. EDV and myocardial mass were indexed to body surface area. The RV mass index (RVMI) and RVEDV index (RVEDVI) were expressed in g/m 2 and ml/m 2 , respectively. RVMI to RVEDVI ratio was calculated. RVH and RV dilation were defined based on age and sex-specific mean +2 SD of RVMI and RVEDVI in healthy volunteers. 4 For RVH it was 30 g/m 2 in men aged <35 years; 26 g/m 2 in men aged ≥35 years; 27 g/m 2 in women aged <35 years and 25 g/m 2 in women aged ≥35 years and for RV dilation 134 ml/m 2 in men aged <35 years; 111 ml/m 2 in men aged ≥35 years; 111 ml/m 2 in women aged <35 years and 118 ml/m 2 in women aged ≥35 years. well as the RVMI to RVEDVI ratio, was estimated by Pearson or Spearman correlation tests for continuous variables and by the chi-square test for categorical variables with Yates correction if appropriate. When a correlation was significant for the whole group we additionally calculated correlation coefficients separately in men and women and then compared them with the use of Fisher's Z transformation. Receiver-operating characteristics analysis was performed to calculate the area under the curve (AUC), which describes accuracy of a test to discriminate diseased cases from normal cases. RVH or RV dilation as assessed by CMR were the reference standards against which the AUC of recommended ECG criteria were assessed. For criteria with significant discriminative capacity we calculated sensitivity, specificity, positive predictive values, and negative predictive values of the currently recommended cut-off values. Additionally, the cut-off values with the highest sensitivity and specificity were established for these criteria. The significance level was set at P<0.05.
Statistical Analysis
Results
Patients
The clinical characteristics of the study population with CMR characterization of the RV are summarized in Table 1 . Of 26 patients with IPAH, 2 had claustrophobia and 1 had a hip prosthesis, which excluded them from the CMR study. Finally, we enrolled 23 patients (10 men) with a mean age of 49.8±16.3 years. Among them, 13 patients were diagnosed de novo and did not take PAH-specific drugs. The other 10 patients were diagnosed for IPAH before and were taking a calcium-channel blocker (4 patients; in 3 patients the calciumchannel blocker was further changed to PAH-specific drug after an acute vasoreactivity test), sitaxentan (1 patient), sildenafil (1 patient), iloprost (1 patient), a combination of iloprost, sildenafil and sitaxentan (1 patient), a combination of treprositnil, sildenafil and sitaxentan (1 patient) and treprostinil with sildenafil (1 patient). All patients were in sinus rhythm with an average heart rate of 78.4±16.4 beats/min. Mean electrical heart axis was 78.6±75.8 degrees; 4 patients had a normal axis, 16 had right axis deviation, 1 had left axis deviation and 2 had indeterminate axis deviation. No patient fulfilled the criteria for right bundle branch block; 1 patient had left bundle branch block and 2 patients had nonspecific intraventricular conduction abnormalities. As assessed by CMR, the left ventricular EF was 58.9±9.5% and left ventricular hypertrophy was found in 4 (17%) patients. RVH was found in 16 (70%) patients and RV dilation in 9 (39%) patients. RV dilation was present only in patients with RVH. There was a significant correlation between RVMI and RVEDVI (r=0.43; P=0.04).
Prevalence of RVH Based on Currently Recommended ECG Criteria
All ECG criteria were calculated in 23 patients, apart from R: SV1, R:SV1>R:SV3, R:SV1>R:SV4, and R:SV5 to R:SV1, which were calculated in 15 patients because no S wave was present in lead V1 of 8 ECGs. Ventricular activation time in V1 was calculated for 20 patients because in the 3 other patients there was no R wave in V1. The prevalence of RVH based on the recommended ECG cut-off values varied markedly across the analyzed criteria, ranging from 0 to 22 as presented in Table 2 .
Relationship Between ECG Criteria and RV Mass and Volume
The following ECG criteria correlated significantly with the RVMI: RV1, R:SV1, RaVR, R:SV5 to R:SV1, maxRV1,2 + maxSI,aVL − SV1, RV1 + SV5,6, ventricular activation time in V1 and P wave amplitude in II. Only the ventricular activation time in lead V1 correlated with RVEDVI (Table 3) . Additionally, R:SV1>R: SV3 and the R:SV1>R:SV4 was more frequent in patients with than in those without RVH (8 vs. 0, P=0.03). No correlation was found between assessed ECG criteria and the RVMI to RVEDVI ratio. The calculated correlation coefficients were similar in male and female groups.
Accuracy of ECG Criteria in Predicting RVH and RV Dilation
Only 10 of the 24 ECG criteria were able to discriminate between patients with and without RVH ( Table 4) and there was no significant difference in the AUC of these criteria. Sensitivity, specificity, positive and negative predictive values of the Table 5 .
Only ventricular activation time in lead V1 discriminated well between patients with and without RV dilation (AUC=0.77; P=0.02). For the cut-off value of 0.035 s the sensitivity was 62%, specificity 83%, positive predictive value 71% and negative predictive value 77%. The best cut-off value of R peak V1 was 0.045 s and it predicted RV dilation with a sensitivity of 50% and specificity of 100%.
Discussion
In the present study, we demonstrated that in patients with IPAH only the criteria based on the R wave amplitude in ECG lead V1 (RV1 >6 mm, R:SV1 >1, R:SV5 to R:SV1 <0.04, maxRV1,2 + maxSI,aVL -SV1 >6 mm, (RV1 + SV5,6) >10.5 mm, R: SV1>R:SV3, R:SV1>R:SV4), R wave amplitude in aVR, P wave amplitude in II and the ventricular activation time in V1 were useful for predicting RVH. We have also specified the cut-off values of these criteria that differentiated between patients with and without RVH with the greatest accuracy. Most of the cut-off values differed from the currently recommended ones. Another finding from our study is that the ventricular activation time in V1 was the only ECG marker of RV dilation in IPAH patients.
Investigation into markers of increased RV mass or volume can be justified by recent publications in which CMR was used for the assessment of RV structure. Wolferen et al have demonstrated that increased RV EDV, as well as progressive RV dilation during treatment, are predictors of poor survival in IPAH patients, 1 in contrast with RV mass, which did not predict mortality in this group of patients. However, the prognostic role of RV mass in pulmonary hypertension can not be neglected because it was shown in another work that in patients with systemic sclerosis, of whom 70% had PAH, RV mass as expressed by the ventricular mass index predicted survival in 1-and 2-year follow-up. 2 CMR used in those studies is now considered the gold standard method for the characterization of the anatomy, function and mass of the RV 3, 4 and additionally, its role in determining pulmonary artery distensibility has been shown recently. 11 Good correlation between autopsy data and RV mass measured by CMR was previously described in an animal model. 12 In human studies the reproducibility of the measurement of RV volume, function, and mass with CMR has been shown. 13 However, claustrophobia or metal body devices make this method inapplicable in some patients and also, some patients are not able to stop breathing for the required amount of time to get precise images. These limitations led to a 10% exclusion rate in the current study, which confirms the need for simpler and more available tests to investigate RVH or RV dilation. Recently, the role of ECG in the diagnosis of pulmonary hypertension, an issue neglected for many years, has been redefined. 14- 16 Although there are now as many as 24 recommended ECG criteria for RVH, their association with RV mass or volume specifically in patients with IPAH has not been evaluated. Additionally, these criteria have not been referred to RV mass and volume as measured by CMR in any group of pulmonary hypertension patients. Currently recommended ECG criteria for RVH are based on 2 types of studies. In the first type, no direct measurements of RV mass or volume were made and the diagnosis of RVH was based on an assumption of this abnormality, based on a clinical diagnosis of a condition associated with increased workload on the RV. 17- 19 In the second type of study, RV mass was measured postmortem, which was associated with a not well-defined time delay between the mass measurement and ECG performance. An additional limitation of these postmortem studies was a lack of a clear anatomic definition of RVH. 20 These limitations were overcome in our present study in which the ECG and RV mass were measured on the same day. Additionally, in order to assess the accuracy of different ECG criteria in the diagnosis of RVH or dilation we used clearly defined cut-off values based on CMR studies made in healthy subjects.
Although the term "criteria for ventricular hypertrophy" used in the AHA/ACCF/HRS guidelines suggests that increased mass of a ventricle is the main determinant of the ECG changes, there is no consensus to what extent increased mass or volume of a ventricle influences different ECG patterns. In the work done by Antman et al, increased volume of the left ventricle rather than thickened myocardium played a greater role in augmentation of the ECG voltage. 21 In contrast, Devereux et al found that ECG voltage criteria are independent of left ventricular chamber dilatation. 22 To date, the results of such analysis for the RV has not been available. Data from our study suggest a dominant role of RVH, but not dilation, in determining the ECG voltage criteria. The lack of correlation between ECG parameters and the RVMI to RVED-VI ratio further underscores the effect of the absolute value of RV mass on these ECG criteria.
Because V1 is the closest lead to the RV it is not surprising that ECG voltage criteria based on R in V1 correlate best with RVH. From the non-voltage criteria, only the ventricular activation time, which represents the interval from the onset of ventricular depolarization to the time that the activation wavefront reaches the area under the electrode, correlated with RV mass as well as RV volume. Negative T waves from V1 to V3 did not appear more frequently in patients with RVH or dilation. Such repolarization abnormalities in the left ventricle have been suggested to correlate with impaired early relaxation, which may not necessarily be related to ventricular cavity dimension or to the presence of increased mass alone. 23 Most of the recommended cut-off values for the ECG criteria for RVH have high positive and low negative predictive value, which means that a significant proportion of patients with RVH will be underdiagnosed using the ECG criteria and this supports findings from previous studies. 5 Changing most of the cut-off values caused an increase in their sensitivity without significant change in specificity. The most sensitive criterion for RVH was the ventricular activation time in V1, which at the cut-off value of 0.01 s excluded RVH. Using this criterion, which has a 100% negative predictive value, with another criterion such as R:S V1 >1 or RV1 >6 with 100% positive predictive value narrows the group of patients with IPAH in whom the diagnosis of RVH needs further confirmation.
Study Strengths and Limitations
Our study has several strengths. Firstly, in contrast to previous historic reports we studied a homogeneous group of patients with IPAH. Secondly, we referred the ECG criteria directly to the RV mass or volume. Thirdly, we performed both ECG and CMR on the same day.
Our study has practical implications because we shown that of the 24 suggested ECG criteria for RVH only 10 may be useful for distinguishing patients with RVH in a group with IPAH and we established the best cut-off values for these criteria. Lastly, it is a novel finding of our study that only 1 criterion for RVH (ie, ventricular activation time in lead V1) correlates with RV dilation, which is a significant prognostic factor in IPAH. None of our patient had RV bundle branch block and all patients were in sinus rhythm, so it should be stressed that our observations are limited to patients in sinus rhythm and without bundle branch block.
The main limitation of this single-center study is the small group of patients, which results from the low prevalence of IPAH. It is possible that with a higher number of patients some of the correlations between RV characteristics and ECG criteria would appear statistically significant. However, in this comparative study different criteria were assessed in the same group of patients and the strongest associations were identified. Additionally, it should be noted that PAH is a rare disease and in the past autopsy studies in this field the numbers of cases were comparable to those in the present study. 7 As previously mentioned, the current study evaluated only patients with IPAH to eliminate potential confounding factors for the ECG diagnosis of RVH, such as changed position of the heart within the chest because of hyperinflation of the lungs in pulmonary hypertension associated with chronic obstructive pulmonary disease or conduction abnormalities because of anatomical defects in pulmonary hypertension associated with congenital heart disease. Hence, our results cannot be extrapolated to patients with pulmonary hypertension secondary to other conditions and the predictive value of the ECG RVH criteria may vary according to the studied population. It is possible that other criteria are useful in other groups of patients. For example, deep S waves in the lateral precordial leads did not correlate with RV mass in our population, but are characteristic for RVH associated with chronic obstructive ECG for Diagnosis of RV Enlargement pulmonary disease. 5 We are aware that the assessment of some of the proposed ECG criteria for RVH may be difficult or time-consuming. For example, it may be a challenge to diagnose the ventricular activation time in V1 <0.01 s. However, the use of 50 mm/s paper speed may help to overcome this problem. Additionally, it should be noted that such precise measurement of very short ECG intervals, although difficult, has been recommended by scientific societies; for example, the Joint European Society of Cardiology, American College of Cardiology, American Heart Association and World Heart Federation Task Force for the Redefinition of Myocardial Infarction, 24 recommends the criterion ≥0.03 s for pathologic Q wave. We are also aware that some of the currently recommended ECG criteria for RVH, such as R:SV5 to R:SV1 or maxRV1,2+maxSI,aVL−SV1, may not be useful in clinical practice because of their complexity. However, as shown in Table 5 , we propose other more simple criteria of similar accuracy for RVH diagnosis that are probably more feasible for use by practitioners.
Conclusions
In patients with IPAH, only the ECG voltage criteria based on R wave amplitude in V1 (RV1 >6 mm, R:SV1 >1, R:SV5 to R:SV1 <0.04, maxRV1,2 + maxSI,aVL − SV1 >6 mm, RV1 + SV5,6 >10.5 mm, R:SV1>R:SV3, R:SV1>R:SV4), R wave amplitude in aVR, P wave amplitude in II and ventricular activation time in V1 were useful for differentiating between patients with and without RVH. A ventricular activation time in V1 <0.01 s excludes RVH, whereas RV1 >6 mm, R:SV1 >1, RaVR >4 mm, R:SV5 to R:SV1 <0.04 and PII >2.5 mm confirm the diagnosis of RVH with 100% positive predictive value. In patients who do not fulfill these criteria the proposed cut-off points of other criteria with the highest sensitivity and specificity for the diagnosis of RVH can be used. Dilation of the RV can be diagnosed when the ventricular activation time is more than 0.045 s.
